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Abstract. The increase in consumption of high-quality steel dictates the need for more steel undergoing the vacuum process, since processing the steel
melt under vacuum improves its properties by reducing gas and non-metallic inclusions in it. However, rising fuel prices and the desire to transition
to carbon-free metallurgy require the industry to reduce energy intensity and, as a consequence, reduce energy consumption. This can be achieved
by switching to continuous production, reducing the period of technological downtime of high-temperature equipment, the temperature of which
must be maintained to increase the lining service life and improve the final product quality. But the transition to continuous steelmaking requires the
development of a number of new technological units capable of functioning within the framework of the continuous steelmaking unit, including the
extra-furnace processing unit for the melt. The propose of the work was development of a theoretical basis for extra-furnace processing unit of molten
steel with a continuous degasser. A unit for extra-furnace processing of steel melt with a continuous U-shaped vacuum degasser is presented, which
is part of a unit for continuous liquid-phase iron reduction with a capacity of 10 tons per hour for production of St3 steel. The authors studied the
influence of residual pressure in a vacuum chamber on the rate of degassing and the time of a gas bubble ascent. Dimensions of the vacuum degasser
were determined taking into account the productivity of the iron reduction unit. A multilayer lining was selected, and losses to the environment were
assessed, taking into account convective and radiant heat transfer.
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AnHomayus. Poct notpeOiieHNs: KAYECTBEHHOW CTallM IUKTYET HEOOXOIMMOCTD YBEIMYCHHUS KOJIMUYECTBA CTAJIH, POXOASIICH POLECC BaKyyMUPO-
BaHUsI, TaK Kak 00paboTKa CTaIbHOIO paciuiaBa Ioj BaKyyMOM YIy4IlIaeT ee CBOWCTBA 3a CYET YMEHBIICHHUSI B HEH Ta30BbIX M HEMETAIUINYECKUX
BKJIFOUeHHH. OJTHAKO POCT 1IEH Ha TOIUIMBO U CTPEMIICHUE K IEPEX0/1y Ha Oe3yrIIepoJHY 0 METAJUTYPIUI0 TPEOYIOT CHUKEHHUSI SHEPTOEMKOCTH U, KaK
CIIENICTBHE, COKpALICHHsI OTPEOICHHSI SHEPropecypcoB. JJ0CTHYL 3TOr0 MOXKHO MEPEXO0M Ha HENPEPBHIBHOE MTPOU3BOJICTBO, COKpAIIasi EPHUOJL
TEXHOJIOTHYECKOTO MPOCTOSI BHICOKOTEMIIEPATYPHOrO 000pYI0BaHMsI, TEMIIEpaTypa KOTOPOro JOJDKHA MOAACPKUBATHCS JJIsl YBEJIMUCHUSI CPOKa
cirykObl PYTEpOBKM M TOBBIIICHUS] Ka4eCTBA KOHEYHOro mpojaykra. OIHaKo JUis Mepexoga Ha HEeNpephIBHOE CTANCIUIABHILHOE MPOU3BOICTBO
Tpebyercst pa3paboTKa psiZia HOBBIX TEXHOJIOTMYECKUX Y3JI0B, CHOCOOHBIX (DYHKIIMOHUPOBATH B PaMKaX CTAJICIUIABUIILHOTO arperara HernpepbiB-
HOTO JEHCTBHS, B TOM YHCJIE U arperara BHENeuHoi 00padoTku paciuiasa. Llenbio paboTs siBisieTcst pa3paboTKa TEOPETHIECKUX OCHOB IS y3Ja
BHEMNEYHOI 00pabOTKH CTaIbHOIO PACIIaBa, BKIIOUAIOLIETo B ce0s BAKYyMaTOp HENPEPLIBHOTO IeHCTBY. B paboTe npeicTaBieH y3en BHENeYHON
00pabOTKH CTAILHOTO paciuiaBa C BaKyyMaTropOM HENpepbIBHOTO JAeicTBHs [1-00pa3HOro Tuma, sBISIOMIMIICS YacThblO arperata HelnpepbIBHOTO
YKUJKO(A3HOTO BOCCTAHOBJICHUS Keje3a MPOn3BOAUTENLHOCTBIO 10 /4 it momydenust cranu Cr3. M3ydeHO BIUSHHUE OCTATOYHOIO JaBJICHUS
B BaKyyM-KaMepe Ha CKOPOCTb Jiera3allii 1 BpeMs BCIUIBITHS ITy3bIpbKa ra3a. ['/abapuThl BakyyMaTopa orpe/esieHbl C y4eTOM IPOU3BOIAUTEILHOCTH
arperara BOCCTAHOBJICHHs jKeJie3a. ABTOPBI IIPOU3BEIH N0A00P MHOTOCIOHHON (yTepoBKH, a TaKKe IMPOBEIH OLEHKY IMOTEPb B OKPYKAIOLLYIO
Cpely ¢ y4eTOM KOHBEKTHBHOTO U JIYYHCTOTO TEII000OMEHa.

" B CBS3M C HAJIMYUEM Pa3INIHEIX MHEHUH PENEH3EHTOB, KAK OTPHIIATENBHBIX, TaK M TOJOKUTETBHBIX, NIABHBIM PEIAKTOPOM TIPHHSATO PEIIEHIE
OITyOJIMKOBATh Ty CTAThIO KaK JUCKYCCHOHHYIO.
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[ INTRODUCTION

The continuous growth of industrialization and
the global population leads to an increase in steel con-
sumption. Over the past 22 years (from 2000 to 2022),
global steel production has increased annually by an ave-
rage of 4 %. Despite a reduction in global steel production
in 2023, Russia saw a 5.6 % rise in steel output. In 2023,
global steel production reached 1,888 million tons!. With
increased production comes increased fuel consumption
and environmental emissions, particularly greenhouse
gases such as CO,. The high concentration of CO, is one
of the facto rs contributing to the rise in average surface
temperatures on Earth [1; 2]. Therefore, it is important
to reduce the energy intensity of steel products, including
improving the energy efficiency of steel production.

The transition to continuous production processes, spe-
cifically through continuous steelmaking units (CSUs),
can reduce specific energy consumption and harmful
emissions compared to traditional steel production tech-
nologies [3 — 5]. However, the transition to continuous
processes requires the development of new components
and units capable of operating continuously, including
extra-furnace steel processing units.

Extra-furnace steel processing refers to a set of tech-
nological operations aimed at producing liquid steel
of the required quality, traditionally carried out out-
side of the steelmaking unit in conventional metallurgy.
These processes take place outside the primary unit, thus
increasing the productivity of the entire technological
chain.

Extra-furnace processing of steel improves the quality
of steel, particularly its mechanical properties, corrosion
resistance, and other parameters, which is crucial in the
production of high-quality steels [6; 7].

The scientific novelty of this work lies in the deve-
lopment of a continuous extra-furnace steel processing
unit operating within a CSU, incorporating an alloying
zone and a continuous U-shaped vacuum degasser [3].
The study also involves determining the time of gas
bubble ascent through analytical and computational
methods. The practical significance is focused on reduc-
ing the energy intensity of steel during extra-furnace

I'World Steel in Figures 2022. Available at URL: https:/
worldsteel.org/steel-topics/statistics/world-steel-in-figures-2022/
(Accessed: 09.09.2024).

processing, particularly in the vacuum degassing pro-
cess, improving lining durability by reducing the number
of thermal cycles associated with technological down-
times [8], and reducing harmful emissions by lowering
exhaust gas output.

- OBJECTS AND METHODS OF RESEARCH

The object of development is the extra-furnace steel
processing zone, operating within a continuous steelmak-
ing unit (CSU) with a capacity of 10 tons of steel per
hour. It consists of two main sections: the deoxidation
and alloying zone and the degassing zone.

The deoxidation and alloying processes are essen-
tial for achieving the required composition and quality
of steel with the necessary strength properties. Dur-
ing extra-furnace processing, elements are introduced
in a sequence from weakly oxidizing to strongly oxidi-
zing, considering their affinity for oxygen, which helps
to reduce their oxidation losses. For example, manganese
oxidation loss can range from 10 to 35 %, silicon from 15
to 25 %, and aluminum from 60 to 90 %.

Based on the state of the elements being introduced,
alloying can be categorized into the following: alloying
with solid ferroalloys, alloying with liquid ferroalloys,
and alloying with exothe rmic ferroalloys.

To determine the list and quantity of elements,
it is essential to know the steel grade being produced.
The most common steel grade is St3, so the alloying sys-
tem will be developed for the production of St3.

According to GOST 380-2005 [9] St3 must have
the following chemical composition:

— carbon content: 0.14 to 0.22 %;
— manganese content: 0.40 to 0.65 %;
— silicon content: 0.15 to 0.30 %.

Since the vacuum degasser being developed is of con-
tinuous operation, a liquid-phase iron reduction unit
using natural gas [10] with a reduced capacity of 10 tons
per hour can be used as the source of reduced iron. This
choice is justified by the existing continuous metal cas-
ting system using roll-casting methods. The liquid metal
exiting the liquid-phase reduction reactor contains 99.9 %
iron [10]. The refore, for the production of St3, taking
into account the affinity of elements for oxygen, the fol-
lowing ferroalloy feeding scheme is proposed: initially,
ferromanganese is introduced into the stream of liquid
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metal exiting the reduction unit, followed by the intro-
duction of ferrosilicon during degassing. Based on expe-
rience in alloying in traditional metallurgy and the con-
tinuous nature of the process, the additives are proposed
to be introduced in solid powder form in an argon stream
under pressure, similar to calcium.

The reactions taking place are endothermic, so
to accelerate the degassing process of the melt, it is re-
commended to increase the temperature of the liquid
steel to approximately 1600 °C before degassing, either
by overheating in the reduction reactor or using elect-
rodes installed in the ferromanganese introduction zone.

The amount of alloying component required can be
determined using the formula

_ 100G, (E, - E,)

E (100-U,) ~ M

/

where G, is the mass flow of the alloying component, kg/s;
G, is the mass flow of the metal, kg/s; U, is the oxida-
tion loss of the alloying components, %; E, E, and E, are
the alloying component fractions at the end of the pro-
cess, the beginning of the process, and in the alloying
components, respectively.

The oxidation loss of the alloying components is
assumed to be around 25 %, and it is proposed to intro-
duce ferromanganese FeMn78(B) and ferrosilicon FeSi90.

After the deoxidation and alloying processes,
the steel is transferred to a continuous U-shaped vacuum
degasser [11].

For the developed unit, the internal length of the va-
cuum chamber was set at 1200 mm, considering
the expected lining thickness and the need for a constric-
tion.

Based on the unit’s capacity of 10 tons per hour and
the vacuum chamber length, the width of the vacuum
chamber can be calculated. To do this, the degassing time
of the melt must be known. One of the factors determining
degassing time is the ascent time of the gas bubble, which
depends on its ascent velocity and the height of the melt
layer. The bubble ascent velocity in Stokes’ mode (Rey-
nolds number Re < 1) can be determined by the for-
mula (2). For Reynolds numbers from 10 to 1000, it is
described by Malenkov’s equation

2
u = 2088, @
9
U=o Bz_c+£’ (3)
Dp 2

where a and B are numerical constants equal to one in
the the oretical derivation; p = 7800 kg/m? is the density
of the liquid metal at 1400 °C; R is the radius of the gas

100

bubble; n = 0.0064 Pa-s is the viscosity of the steel melt;
D is the diameter of the gas bubble; and 6 =1.25 is
the surface tension coefficient.

Let us assume a characteristic bubble diameter
of 1 mm.

Inside the vacuum chamber, a vacuum is created,
which will affect the size of the ascending bubble.
The change in diameter depending on the vacuum above
the melt surface can be determined by the formula

D =Dy3—, 4)

where D, =0.001 m is the characteristic bubble dia-
meter; P, =101.3 kPa is the atmospheric pressure above
the melt; and P, is the absolute pressure above the melt
surface.

Once the flow mode is determined, the bubble ascent
time can be calculated, taking into account the melt thick-
ness:

TZE, (5)

where 4 = 0.4 m is the height of the melt layer, assumed
based on methodological recommendations.

According to studies [12; 13], three stages of bubble
removal can be distinguished during degassing: gas
bubble formation, bubble ascent, and bubble removal
from the melt surface.

The degassing time of the liquid metal can be deter-
mined using the equation [12 — 14]

T:_Lh{[% H,]-[% H]} ©
[% H,]-[% H

eq]

where K, = 0.13 min™! is the hydrogen removal rate con-
stant; [% H,]= 1.5 ppm is the final hydrogen concent-
ration (based on industrial practice); [% H_] = 6 ppm is
the initial hydrogen concentration (based on literature
data); and [% H_ 1= 0.8 ppmis the equilibrium hydrogen
concentration (Table 1).

Fig. 1 shows the graph of the dependence of the extra-
furnace steel processing time (degassing) on the absolute

pressure in the vacuum chamber, constructed according
to equation (6) and data from Table 1.

The width of the vacuum chamber can be determined
using the following formula
b G

= L_hp T. (7)

To ensure a uniform melt flow rate in the degasser
and the reduction unit, it is necessary to balance the pres-
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Fig. 1. Dependence of degassing time on pressure
above the melt surface

Puc. 1. 3aBUCUMOCTb BPEMEHH JAeTa3allii OT JAaBICHUS
HaJl TOBEPXHOCTBIO pacIijiaBa

Table 1. Equilibrium hydrogen content depending
on the absolute pressure in the vacuum chamber

Ta6auya 1. PapHOBecHOE coep:KaHHe BOIOPOIa
B 32aBHCHMOCTH OT 20COJIIOTHOTI'O 1aBJICHUS
B BaKyyM-KaMepe

P, atm 1.0 0.1 0.01 | 0.001
[H], ppm | 256 | 8.1 2.6 0.8

sure at points on the same level in the extra-furnace
processing zone and at the entrance of the riser pipe in
the vacuum chamber. To achieve this, the pressure in
the riser pipe must be created by the melt layer. Taking
this into account, the height of the riser pipes should be
approximately 1.3 m, which is comparable to the dimen-
sions of circulation degasser [15].

Additionally, there should be a clearance between
the melt surface and the roof since large bubbles formed
during degassing can carry melt droplets, which may
damage the lining of the roof.

For ease of maintenance and replacement, the vacuum
chamber should be a quick-release component of the extra-
furnace processing unit, and it should be equipped with
nozzles for introducing alloying elements and inert gas,
which are integrated into the riser pipe.

In cases of emergency shutdowns of the steelmaking
unit, the design of the degasser must allow for easy drain-

age of the melt inside the vacuum chamber, which is why
the vacuum chamber must have a slope of at least 3°.

To ensure uniform rarefaction in the degasser,
it is proposed to have at least two nozzles connected
to the vacuum generation system.

Since the developed degasser has a relatively low capa-
city of about 10 tons per hour, the most efficient solution
is to use a vacuum generation system based on mechani-
cal pumps. According to studies [16; 17], using mechani-
cal pumps instead of steam ejector pumps reduces opera-
tional costs (variable costs) by at least 80 %. At the same
time, capital costs for low-tonnage installations remain
at the same level as for systems with steam ejector pumps.

The selection of thermal insulation materials was car-
ried out in accordance with the recommendations from
the handbook authored by I.D. Kasheev [18] as well
as lining manufacturers? and drawings of existing RH-
degassers.

Table 2 presents the structure of the vacuum degasser’s
fencing elements, including the number of layers, layer
thickness, and material. The layers are listed from
the inside to the outside.

The general design scheme of the fencing structure is
shown in Fig. 2.

Taking into account Fig. 2, the integral equation that
allows for the determination of the specific heat flux
through the fencing structure is as follows:

1" 14 1%
5 ,I ho(0)dt = S—IJll(t)dt = gtj Ay (f)dt =
1 2 out
= asum(tout - tcore)’ (8)

where o is the total heat transfer coefficient, consider-
ing both convective and radiative heat and mass transfer,
measured in W/(m?-°C), and determined by equation (9);
A is the thermal conductivity of the lining material, mea-
sured in W/(m-°C), and determined by equation (10);

2RHI Magnesita. The driving force of the refractory industry.
Available at URL: https://www.rhimagnesita.com/ (Accessed:
09.09.2024).

Table 2. Design of vacuum degasser fencing elements

Tabauya 2. KoHCTPYKIUS 3JIEMEHTOB OrPakIeHUsI BAKyyMaTopa

Fencing Number Layer characteristics: material — thickness (mm)
element of layers 1 2 3
Roof 3 PKhPP — 150 | ShL-1.0-100 | ShVP-350— 100
Wall 3 PKhPP — 250 | ShL-1.0-100 | ShVP-350— 100
Floor 1 PKhPP - 500 — -

101
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T. T, amb

8 8, 5,

Fig. 2. Calculation of vacuum degasser lining:
T, T, —temperature on the inner and outer surfaces
of the fence, respectively;

T, —ambient temperature;
T, — temperature between the inner and middle layer of the lining;
T, — temperature between the middle and outer layer of the lining;

3,5 6,, 8, — thickness of the inner, middle and outer layer of the lining

Puc. 2. PacuerHasi cxema (yTepOBKH BaKyymaTopa:

T, T, — Temneparypa Ha BHyTPEHHEN U HAPYIKHOU TIOBEPXHOCTH
OrpakJICHHUsI COOTBETCTBEHHO;
T, ., — TEMIIEpaTypa OKpyKaroulel cpennl; 7| — TeMIeparypa Mexy
BHYTPEHHUM U CPEIHUM CI0eM (PyTepOBKH;
T, — TeMniepatypa Mex/ly CPETHUM U HAPY’KHBIM CIIOEM (yTEPOBKH;

3,5 0,, 8, — TONIMHA BHYTPEHHETO, CPEIHETO U HAPY’KHOTO
cnost pyTepoBKH

d is the thickness of the lining layer, measured in meters;
and ¢ is the temperature, °C.

20)"; O
(10)

Ogum =M +nl(tout -

h=k,+ kit

The coefficients for the equations are presented in
Tables 3 and 4.

[ RESULTS AND DISCUSSION

According to formula (1), in order to produce steel
of the required grade, considering an oxidation loss
of alloying elements of approximately 25 %, the follow-
ing amounts need to be added:

— ferromanganese FeMn78(B) — 11.5 kg/ton;
— ferrosilicon FeSi90 — 2.9 kg/ton.

The manganese content in the steel will be 0.64 %,
and the silicon content will be 0.25 %, which meets
the requirements for St3 according to GOST [10].

The bubble ascent velocity, calculated using equa-
tions (2) and (3) as a function of bubble diameter, is pre-
sented in Fig. 3.

102

Table 3. Approximation coefficients n,

Tabauya 3. KoddduuneHThl annpoKCHMALMH 7,

Fencing n " n

element © 1 2
Roof 7.09 0.68 0.562

Side wall 7.20 0.56 0.592
Floor 7.20 0.485 | 0.614

Table 4. Properties of fencing materials

Ta6auya 4. CBoiicTBa MaTepHAJIOB OTPaKICHUS

Material Thermal conductivity coefficient, W/(m-°C)

PKhPP 25

ShL-1.0 0.35+35-10"¢

ShVP-350 0.115+9.6-107¢

From the graph, it follows that the critical gas bubble
diameter, which satisfies Stokes’ ascent, is 0.1 mm.
The refore, the velocity of a bubble with a characteristic
size of 1 mm is described by equation (3). Substituting this
into equation (4) and using it together with equation (5), we
determine that the bubble ascent time is 1.3 s. From this,
we can conclude that the gas bubble ascent velocity is not
the determining factor in steel degassing. Consequently,
according to equation (6) and Fig. 1, the degassing time
of the liquid metal will be approximately 15.5 min.

Based on the process time and the capacity of 10 tons
per hour, we calculate the width of the vacuum chamber
using formula (7), which is 0.7 m.

The specific heat fluxes through various parts of the
fencing elements, along with the surface tempera-
ture of the vacuum degasser, calculated using formulas
(8) — (10), are presented in Table 5.

The obtained values of the specific heat flux are
comparable to those for existing RH-degassers, taking

0.6
*g @ 0.5
oS & 04f 2
o & 03t / —
o 3 ||
A~ 01
1 1 1
0 0.005 0.010 0.015 0.020

Gas bubble diameter, m

Fig. 3. Dependence of bubble ascent velocity
on diameter under different ascent modes:
1 — Stokes mode; 2 — Malenkov's equation

Puc. 3. 3aBUCUMOCTb CKOPOCTHU BCIUIBITHUS y3bIpbKa
OT IMaMeTpa MPH PA3INYHBIX PEKUMaX BCIUIBITHS:
1 — cTokcoBbIit pexnm; 2 — hopmysia ManeHkoBa
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Table 5. Specific heat flux for fencing elements

Tabauya 5. YaeabHbIH TENJI0BOI MOTOK
IS DJIEMEHTOB OTPasKIeHHsI

Fencing Specific heat o
e flux, KW/m? Surface temperature, °C
Roof 1662 122
Side wall 1561 119
(=3
& o
% /|
=t 2
S | &
KE
L 7

Fig. 4. Shematic drawing of a vacuum chamber
(side cut and bottom view)

Puc. 4. DcKku3HbIN YyepTek BaKyyM-KaMepbl
(pa3pe3 cOOKy ¥ BHJ] CHU3Y)

into account radiative heat exchange. The specific heat
flux for the floor of the vacuum chamber was not deter-
mined, as the vacuum chamber floor does not directly
contact the surrounding environment.
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A schematic drawing of the vacuum chamber, consi-
dering the previously determined internal dimensions and
lining thickness, is shown in Fig. 4.

According to Fig. 4, the external surface area of the
roof will be 3.6 m?, and the surface area of the side walls
in contact with the surrounding environment will be
7.8 m2. The refore, the heat loss to the environment will
be around 18.2 kW.

A schematic drawing of the extra-furnace processing
unit for continuous steel melt degassing is shown in Fig. 5.

The schematic drawings include a system for intro-
ducing alloying elements in an argon stream under pres-
sure into the melt stream / and a system for blowing inert
gas during degassing 2.

[ ConcLusions

Given the annual increase in steel production, inclu-
ding degassed steel, the industry faces the task of impro-
ving production efficiency and reducing fuel consump-
tion. Transitioning to continuous processes, as noted in
sources [19 — 21] allows for reduced energy consumption
in processes and lowers the energy intensity of the final
product.

This paper presents a continuous extra-furnace steel
processing unit with a capacity of 10 tons of melt per
hour, including a U-shaped continuous vacuum degasser.
The introduction of alloying elements for St3 steel was
considered: ferromanganese is introduced as a powder
under pressure into the melt stream during the transfer
from the iron reduction zone to the extra-furnace process-
ing zone, and ferrosilicon is introduced into the vacuum
degasser together with an inert gas for blowing. The alloy-
ing consumption for producing St3 steel from liquid-
phase reduced iron will be:

— ferromanganese FeMn78(B) — 11.5 kg/ton;
— ferrosilicon FeSi90 — 2.9 kg/ton.

Fig. 5. Shematic drawing of an extra-furnace melt processing unit

Puc. 5. Dcku3HBII YepTexk arperara BHEICYHOH 00pabOTKH paciiaBa
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It is proposed to create a vacuum in the vacuum

chamber using mechanical vacuum pumps, as compared
to steam ejector systems, capital and operating costs,
including energy resource consumption, will be lower.

The degassing time of the melt will be about 15.5 min

with a melt layer height of 0.4 m, and the internal width
and length of the vacuum chamber will be 0.7 and 1.2 m,
respectively. The total heat loss to the environment through
the roof and side walls, considering the multilayer lining,
will be 18.2 kW, with no losses accounted for through
the floor, as it does not contact the surrounding environ-
ment. The external surface temperature of the roof will be
122 °C, and the side walls will be 119 °C.
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